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ABSTRACT

We demonstrate anew method for determining the frequency-dependedielectric
properties of thin-film materials amnicrowave frequencies usingcoplanar waveguide (CPW)
transmissiorline measurements. The technique malkes ofthe complex propagation constant
determined frommultiline thru-reflect-line(TRL) calibrationsfor CPW transmission lines to
determine the distributedapacitanceand conductance per unit length. By analyzia¢p from
CPW transmission lines dfifferent geometries, we are able to determine the conpelenrittivity
of the dielectric thin film under study as a function of frequency from 1 to 40 GHz. By performing
these measurements underagplied bias/oltage, weare able in addition to determine the tuning
and figure ofmerit that are of interedbr voltage-tunable dielectric materials over fhequency
range 1 ta26.5 GHz. Wedemonstrate this techniquéth measurements of thgermittivity, loss
tangent, tuning, and figure of merit for a 0.4 um film of 3 .TiO, at room temperature.

INTRODUCTION

Voltage-tunable materials are technologically importéont frequency-agile microwave
applications,such astunable filters[1], delay linesand phase shifters[2]. The ability to
electronically tune th&equency of operation asuch devices, bychanging thepermittivity of a
constituentmaterial under anapplied electricfield, will enable manynew high-performance
microwave applications. In order to fabricate integraedcestunable materials in thin-film form
are highly desirable. Tdate, howeverthin-film materials thadisplay the requisite tuning are
hampered byery high microwavelosses. In areffort to reduce théosses oftunable thinfilm
materials, new candidate materials are being developmetiimcreasing numbersHowever,these
materials are commonkgvaluatedor permittivity andloss atfrequencies muclower thanthose
required by the intended applications. Techniquemiatowave frequenciesthat utilize well-
characterizedesonantcavity measurements are made difficfilr these materials by the small
volume occupied by films that are typicalgssthan 1 um in thicknessCharacterization of these
tunable materials anhicrowavefrequencies is therefonmade, if at all,using patterned thin-film
devices, wherghe results often dependpon the specificdevice geometryused. While such
measurements are adequieoptimizing a particular material system, they carubeatisfactory
for comparing different materials éor the subsequent design adevices thatdiffer significantly
from the test geometry used.

To addressthe needfor measurements to characterize tunable thin-film materials at
microwavefrequencies, wlavedeveloped an experimental techniquesed on measurements of
coplanarwaveguide(CPW) transmission linesover thefrequency ranged.1 to 40 GHz. We
determine thdoss and permittivity of dielectricthin films over this broad frequency range by
analyzing the measured propagation constantCPW transmission linesvith and without the
dielectric thin film under test. We makise of adistributed-circuit mode{see Fig. 1) in order to
determine the capacitangeer unit length GQ0) and conductance per unit lengthup(of the
transmission lines incorporatirige dielectric thin filmfrom the measured propagati@onstants.
We then analyze the distributedpacitanceer unit length Q) and conductance per unit length
G(w) obtained by the use of different transmission-line geometriesttact geometry-independent
guantities for the loss and permittivity of the dielectric filmder tesbver thefrequency range 0.1
to 40 GHz. Because these measurements can easily be performedGRMeeometry under a
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bias voltage (which isappliedusing standard biatees), the change ipermittivity with applied
voltage, which defines the film tuning, calso be determinedThelossand tuning can iurn be
used toobtain a single frequency-dependent figuremadrit for the performance of the tunable
dielectric thin film; the figure of merit is independent of specific device geometry.

These experimental determinations of the thin files and permittivity can beused to
compare the performance of differamiaterials, or to optimize thperformance of a specific
material. The coplanar waveguide geometry is particularly well suited for the planar devices that can
be fabricatedising epitaxial thin films onsingle-crystal substrate$he measurements described
here are performed in a cryogenicrowaveprobe station at arbitrary temperatures fr8g0 K
down to20 K. Because the properties of interest of these tunable thin-film matgmdslly
depend strongly on temperature, the cryogenic probe station is an ideal configoratiptimizing
the microwave response of these materials. Knowledge ofthmtinequency dependence and the
temperature dependence of the relevant dielectric properties can provide important physical clues to
the origin of losses in theseaterials. Since thmaterialproperties extractedsing thistechnique
are independent of measurement geometrysgath a broad frequencginge, thaesults of these
experiments camlso be used by designerspredict the performance afevicesincorporating
these thin-film materials in any planar geometry at arbitrary frequency.

In what follows, weapply this new measurement technique to determine the dielectric
properties of a 0.4 urfilm of Ba, Sr,;TiO, grown by pulsed laser deposition on a LaAlO
substrate. BaSr,.TiO, in thin-film form has been studied by a number of researchers for
voltage-tunableapplications[3-8]. Wediscuss indetail our determination of the propagation
constant of our CPW transmission lines which are fabricated both on the dielectfinttsample
and on the barsubstrate for a number dffferent CPW geometries. We also describew we
obtain the distributed circuit parametersdd; (G(w)) of thetransmissiorines, usingtwo different
analytical techniques. We then extract geometry-independent measures périogtyity, tuning
and figure-of-merit, as a function of frequency fr@i to 26.5 GHz. Weoncludewith a
discussion ofthe errors andimitations of this techniquefor determining losspermittivity, and
tuning of dielectric thin-film materials.

EXPERIMENT

Capacitance and Conductance in Coplanar Wavequide Transmission Lines

We obtain the complex propagation constentr + i3, wherea is theattenuation constant
and 3 is the phaseconstant, ofour CPW transmission lines as a function of frequency by
performing amultiline thru-reflect-line(TRL) calibration[9]. The TRL calibratioruses planar
CPW calibration sets consisting oindividual elements that arall fabricatedusing the same
geometry (center conducttimewidth, gap spacingmetalization thicknesstc.,see Fig. 1(b)). An
individual calibration set consists of a thru (defined as a transmisstonf zero length), ahort-
circuit reflect, and transmission lines of different lengths. For the measurements ddseneheck
fabricate theCPW devicesusingsilver films 0.5 to 1 umthick for the metallicconductorswith a
center conductor linewidt{2s in Fig. 1(b)) of 55 um. Whabricate three distinct calibratieets
which havegap spacings (g in Fig. 1(b)) 400 um, 50 um, and5 pum. By measuringhe S-
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Fig. 1. Schematic diagram showing (a) distributed-circuit model for a transmission line, and (b) CPW cross-section.
R, L, C, G are the resistance, inductancpacaance, and conductanger unit lergth.



parameters of the individual devices in each calibrat@tnusingmovable aircoplanar probes, we

are able to obtain the complex propagation constant of the CPW transmission lines in that particular
calibration set using the Multical algorithtieveloped aNIST [9]. Figure 2 showthe measured
attenuation andelative phase constant obtained in this manfoerthe 50 um gapcalibration set
fabricated on a bare LaAlOsubstrate, and on a substrate ombich a 0.4 pm film of
Ba,:Sr,;T10, had been deposited. Threrease in botlthe attenuation anphase constant due to

the Ba .Sr, .TiO, thin film is substantial. Also shown iRig. 2 isthe effect of &ias voltage of

50 V on the propagation constankor these measurements, thias teeghat weuse limit the
frequency range to 0.1 to 26.5 GHz.

Once wehave obtained the propagation constdat both the test (dielectric film and
substrate) andhe reference (barsubstrate only) transmissioines, we use two different
techniques to extract tlwapacitanceand conductance per unit length of thensmission lines on
the dielectric thin filmunder study. The first technique, called the calibratiocomparison
technique[10], uses a comparison of the TRL calibrations of the test and reference casibtation
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Fig. 2. Measured values at room temperature for the (a) attenuation constant and (b) relative phase constant for
CPW transmission lines on a bare LaAKdbstrate on a LaAlGsubstrate onto which a 0.4 um film of

Ba, :SI,;TiO; has been deposited. The CPW metalization is silver 0.5 pm thick with a center conductor linewidth

of 55 um and a gap spacing of 50 um. Also shown are values for the attenuation and relative phase constant under

the gplication of a dc bias voltge of 50V.



with a TRL calibration on a third sample that has been well characterized. The third cangiés

of gold lines on a quartz substrate. These laresfabricatedvith embedded lumperksistorsthat

are used to determine the capacitance per unit length[11] and hence the characteristic impedance[12]
of the quartz calibration sets. We use the calibration comparison technique to obtain the (complex)
characteristic impedance, 8f the lines orour test and reference samples. We then combine the
characteristic impedanacgith our measuredialues of thepropagation constant to obtain the
distributed circuit parameters R, L, C, and Gfusquency[13] forthe both the test and reference
samples:

Y - G+iwC
Zy 1)
yZo = R+iwL

where R and L are the distributed resistance and inductance pkangtht while Cand G are the
distributedcapacitanceand conductance per unit length. We thssumehat the contribution to
the capacitancand conductance due to tbelectric film is given by thelifference between the
capacitance and conductance of the test and reference samples.

We alsodetermine the capacitanaed conductance per unit lengthut@nd G¢) of the
CPW transmission linedabricated on the dielectric thin filmander study usinghe equivalent-
impedance method described by Janezic and Williams[14]. This method makesheséaof that
the ratio of the propagation constant of the lines on the test sample (incorporatingettec thin
film) to the propagation constant of the lines on the reference samples(ibsteate) igiven by
the following:

Vi _ (R+iwl)(G+iwC) )
Yr \(Rr"'iwl-r)(e‘r"'i“-cr) ’

where R, L, Cand G are the distributecrcuit parameters of the test lines (filamd substrate,
subscript t) andhe reference linesubstrateonly, subscript r)respectively. Since we expect the
loss tangent of LaAlIQto be approximately 10or smaller, we assume that the conductance per unit
length of the bare substratenegligible, so that we cagnore Gin Eq. (2). We assumthat the
inductance and resistance per unit lengthidesticalfor the test and reference samples{R,

L,=L,). In order to realize this experimentally, we fabricatentie¢alliclines on the barsubstrate

and dielectric samplesimultaneously in the same depositispstem. Wewill presentbelow
experimental evidence thahis assumption (R R, L,=L) is valid for the calibrationsets
described hereWith these assumptions, we can obtain the conductanceamaditanceper unit

length of the test sample as long as the capacitance per unit length of the reference lines is known:

G +iaC =iaG %‘%‘g 3

To obtain Qw) in Eq. (3)above, weuse results fronthe calibration comparison technique
described previously. Figureshowsthe capacitanceer unit lengthfor CPW lines on a bare
LaAlO, substrate determined Itlye calibration comparison method. Alsmown in this figure is
the capacitancper unit lengththat is calculatedor the geometryunder consideration by use of a
finite elementanalysiswith a relative permittivity 0f23.2 forthe LaAlQ, substrate. The finite
element modelisesthree dimensionatonductorghat are perfect conductorand theresults for
C(w) show a frequency dependence that is similar to that obtasiadthe calibration comparison
technique. Weuse aguadratic fit to ({w) for the lines on the barsubstrate irthe equivalent-
impedance methodq. (3), to determine () and G(w) for the lines incorporating theielectric
thin film.

We also uséhe calibration-comparison technique to obtain the resistance and inductance
per unit lengthfor the lines on the barsubstrate (reference sample) \asll as for the lines
incorporating thelielectric thin film (test sample), to determine if they are indeegdivalent, as
required by theequivalent-impedance metho&uch a comparison is shown in Fig. 4. From this
figure it is clear that the assumptions are in fact valid for the sample considered here.
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Fig. 3. The measured capacitance per unit length vs. frequency for CPW transmission lines on a bare LaAlO
substrate at room temperature. The CPW metalization is silver 0.5 um thick with a center conductor linewidth of
55 um and a gap spacing of 100 um. The solid line is the result of a finite element calculation for the same
geomety usirg a relative dielectric constant of 23.2 for LaAlO

We can nowusethe determination of () in Fig. 3 tocalculate Gw) and Gw) for the
lines onthe dielectric flmunder tesusingthe equivalent-impedance methd. (3). Theresults
are illustrated inFig. 5, which showsthe capacitancger unit length @w) and thedevice loss
tangent Quw)/wC(w) determinedusing the equivalent-impedance technique asll as the
calibration comparison technique. This figgifewsthat both techniques yield similaalues for
C(w) and Gw)/wC(w), although thetwo different techniques makese of very different
assumptions. The equivalent impedance method gives less scatter in the determingtionaofdC
G()/C (@). | _ _ _ _ o

Once we have determined ttevice capacitangeer unitlength, we obtain theontribution
that is due to the dielectric film by simply subtracting the substegiacitanceer unit length from
the total device capacitance per unit length. Thegigvalent teassuminghat the capacitance due
to the dielectric film adds in parallel to that of the substrate and air to give the total capacitance. We
also assume that the device conductance is due entirely to the dielectric film. We detgyifune C
and G,,(w) for calibrationsetshaving different gap spacingsyhich areshown in Fig. 6. As
expected, as thgap spacing decreases balie capacitancend conductance per unit length
increase. Note that the(@)/wC(w) in Fig. 6 is the loss tangent of the entire device, which can be
related to the loss tangent of the dielectric thin film approximately by

- Glw) Glw)
tenOim = wCi(w) Cijm(w) ' @

Permittivity and Loss Tangent Determination

In order to obtainthe complex permittivity as dunction of frequency, we need an
expression that relatesande” to G, and G,,, respectively. One canuse aconformal mapping
approach[15] to obtain an analytical expression for the contribution tcaffeeitanceiue to a thin
film in the CPW geometry:

K(k)

Ciilm = €0 (& _Esub)m

nh(rrs/2t) ©)

e nh(rr(s+g)/2t)
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Fig. 4. Measured values for the (a) resistance per unit length and (b) inductance per unit length vs. frequency for a
CPW transmission line with and without a 0.4 um film of B, -TiO,. The CPW metalization is silver
0.5um thick with a center conductor linewidth of i and agap spacing of 100um. The substrate is LaAlO

In Eq. (5)¢, is the relative permittivity of the filng,,, is therelative permittivity ofthe substrate, 2s
is the center conductdinewidth, g is thegap spacing, and t is tfigm thickness (see Fig. 1(b)).
Here K is the complete elliptic integral of the first kind, ahd k1-K&)Y2 For the case of thin films
(t <<'s, g), this expressions simplifies to 5

t

Ciilm = €o(& - gsub)g (t<<sg) . (6)

If we now plot the measured film capacitance (per unit length) at a fixed frequency as a function of
t/g, we can extract the permittivity from the slope of the resulting straight line. This is illustrated in
Fig. 7, which shows that the film capacitance at 10 GHz is indeed lin€gy fior dimensions such
that t/g < 0.01. We obtain tireal part of thegermittivity atthis frequency fronthe slope of G,
vs. t/g, and obtain the imaginary part of the permittivity from the slopg,ofGss. t/g. Note from
Fig. 7 that both quantities,(; and G,./w have finite intercepts as t/g approaches zero. fehisire
is not predicted by the conformal mappixpressiorEq.(6), whichpredictsthat G, and G,,/w
approach zero as t/g approaches zero.

In order to gain further insight intthe behavior of ¢; and G, /w as a function of CPW
geometry, we havperformed a number of finitelementsimulations torthe geometriesliscussed
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here using acommercially availablesoftware package. We extract the film capacitance and
conductance per unit lengtlsingthe equivalent impedan@nalysis ofthe numerically calculated
propagation constants. Analysis of such data yields plots very similar to filgicfi have &finite
intercept in plots of ¢z and G, /wvs. t/g. This analysis of the simulatgata gives valuefor the
permittivity correct to within about 1 %uggestinghat the analytical techniqueesented here has
reasonable accuracy.

We can now extract values for the real and imaginary parts giethattivity as afunction
of frequency by performing the lineéits describedabove at eaclfrequency poinffor the data
shown in Fig. 6. Weplot theresults as Ew) and asloss tangent tad(w) in Fig. 8 for the
Bg, :Sr, . TIO, film at room temperature. Note from Figtt® considerable frequency dependence
observed in both,'éw) and tad(w) over the range 1-26.5 GHz.
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Tuning And Figure of Merit Determination

For materialssuch as BaSr, . TiO, the quantities of technological interest are kbes
tangent and the amount of tunitigt can be achievddr a givenbiasvoltage. We can determine

the tuning by simply measuring the change indéyeacitancger unit lengthfor a given applied
bias voltage. We then define the relative tuning T as:

Tv)=& (0) - & (V) _ [Cfilm(o) - Cfilm(V)] @
& (0) &(0) 2&ot/g
where we haveised Eq. (6) toelate the change i to the change in {; so thatEq. (7) isvalid
only in the thin film limit (t<<s, g). Notethat thetuning for aparticular film depends on the
applied bias voltage, so that the value specified for the tuning is meaningful only if a corresponding
bias voltage(or field) is specified. An example of tlianing measured for a B&Sr, .TiO, thin

film at room temperaturéor a biasfield of 2 V/um isshown in Fig. 9(aYwe assumethat the
average bias field E;in the film is related to the applied voltage V and gap spacing,as &/qg).
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Defined in thismanner, theéuning divided by 2 gives theelative change in frequency or phase
achievable for a tunable filter @hase shifter. Notthatthis definition is independent de film
thickness used.The film thickness and specific geometry mustused,however, to calculate the
tuning of any actual device.

In order to compar¢he performance of different tunable dielectnaterials, measured
perhaps at different temperatures, it is convenient to define a figunerbfthattakes into account
the tuning andoss of athin film material,since it is quite commofor materials thahave alarge
tuning factor to also have high losses. We use the following definition for a figure of merit K(V):

T(V)
K(V) = ——— (8)

tan Oppax
The higher the value for K(V) for a given applied voltage, the better the performance of the material.
We show in Fig. 9(bthe figure of merit at room temperaturdor a Bg Sr,.TiO, thin film.
Although this material exhibits considerable tuning (see Fig. 9(a)), the high loss teegyétst in a
K(V) value at E_.= 2 V/um of order unity over most of the frequency range. Also note Figm
9(b) that the figure of merit drops by a factor of 2 from 5 GHz to 25 GHz.

Measurement Errors and Resolution

The sensitivity ofthis measurement techniquan be defined as the smalleatue for the
loss tangent, or the smallest change in capacitance that can be exfractethe measured
quantities. Examination of Eq. (3) shows that errors i@ C result directly fromerrors in the
experimental determination of @nd therelevantpropagation constantsAdditional errors come
from the extraction of g from C. In the determination of thgermittivity, additionalerrorscome
from uncertainties irthe CPW dimensions t and g.Note, however,the loss tangent and tuning
determinations (and hence algee figure of merit determination), are independent of fite
thickness and CPW dimensions (and associated errors).

In order to estimate some of theseuncertainties, it isnecessary todetermine the
reproducibility errors associatedwith the propagation constant measurements. This is easily
accomplished bysingthe calibration comparison technique[i@jich wasintroduced previously
for determining the characteristic impedance gfvan calibration set. Bwsing thistechnique to
compare two calibrations performed on the same calibration set, it is possible to determine the upper
bound for errors in measured S-parameters fgiven calibration. By relating therrors in S-
parameters t@rrors inthe propagation constant, we able to place a limit on themallest
measurable loss tangent and tunability for a given calibration set. We find that the resolution of the
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measurement for tép, andAC/C,,, is proportional to the repeatability errors discusssale, and
inversely proportional to the filling factor of thaielectric aswell asthe absolutephase of the
transmission line. This means that we obtain better resolution for higher dielectric constants, higher
frequencies, and longdransmission lines. For the geometries considerdgbre, thesmallest
resolution we camchieve is orthe order of 0.01 for botliAC/C and tad, for frequenciegreater

than about 5 GHz.

The resolution quotedbove is theébest onecan achieveusing thistechnique ifall other
guantities are known exactly. In practice the determination of etlners involved in the
measurement of (¢o) are much more difficult to quantify thamrors inthe propagation constant.
We do note thabur determination of Cagrees reasonablyell with simulation resultsfor a
reasonable value for the substrate relative permittigity ¢ 23.3), sed-ig. 3. Forthe permittivity
determinationserrors in t and gwre on theorder of 5-10 % and mogsikely dominate the other
sources of error. Amentioned previously, thesarors do notaffect the determination of @n

tuning, or figure of merit.
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CONCLUSIONS

We havedemonstrated an experimental technidaesed onCPW transmissionline
measurementfor the determination of the dielectrfgroperties of thinfilm materials. Using
multiline TRL calibrations ofCPW transmission lines of different dimensions, @ able to
extract the real and imaginary parts of the dielectric permittivity as a function of frequency from 1 to
40 GHz. By performing such measurements under the application of wleéae, weare able to
determine the relevant dielectric quantities (dielectric loss, tuamdfigure of meritfor dielectric
materials of interest for tunable microwave applications. We have demonstrated this teettinique
measurements of the dielectric properties of a 0.4 ybBariO, thin film at room temperatures.

The ability toperform suchmeasurements as a function of frequency and temperstiordd be

11



valuable for the understanding anaptimization of tunable thin film materialfor microwave
applications.
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